The culm development of rice is characterized by elongation and medullary cavity (MC) formation, which are determined by node formation meristem and residual meristem, respectively. Although many factors have been shown to affect culm elongation, molecules involved in MC formation remained to be identified. In this study, we show that a point mutation in SHORT and SOLID CULM (SSC), the rice homologue of Arabidopsis LFY, resulted in plants with drastically reduced culm length and completely abolished MC formation. Analysis of transgenic plants with moderately enhanced SSC expression revealed significant decreases in plant height and MC size in contrast to slight changes in heading date, indicating that the culm developmental process is much more tightly monitored by the gene. Transcriptomic analysis revealed the differential expression of knotted-1 like homeobox (KNOX) protein genes and gibberellin (GA) metabolic genes in the ssc mutant background, and most of the genes contained well-conserved LFY-binding cis-elements that could be effectively recognized by SSC. Genetic analysis found that the reduced culm length of the mutant could be largely rescued by the GA-accumulating mutation eui, whereas MC formation remained unchanged in the double mutant plants. Taken together, our results suggest that SSC affects culm elongation mainly through maintaining GA homeostasis, while functions in MC formation by mediating residual meristem activity possibly via the KNOX pathway. The present study provides a potential strategy for improving the culm morphology and plant architecture in rice by manipulating SSC and/or its downstream components.
INTRODUCTION
The culm is one of the most important agronomic traits and plays a critical role in determining the lodging resistance and final architecture of crop plants. The rice culm is composed of nodes and internodes. After the internode elongates, the lacuna, which is also termed the medullary cavity (MC), develops in the central part. The internode tissue, except for MC, is known as internodal wall. Thus far, three types of rice culms with different cross-sectional shapes have been proposed: filled culm, hollow culm with a thick culm wall, and hollow culm with a thin culm wall and a large outer diameter (Ookawa et al., 2010) . All three of these possible culms reflect a relative ratio between the two factors of culm wall thickness and MC size. As a specialized morphological structure for rice culms, the MC is formed by the loss of all of the contents of the parenchyma cells located inside of the culm wall during the initial culm elongation stage, thereby resulting in a hollow tube that is connected to the root aerenchyma and provides oxygen for the underground parts. Therefore, the cell death that occurs during MC formation is programmed developmentally. Because lodging resistance is one of the major targets in plant breeding and the length, strength and diameter of the culm are regarded as major factors that affect this trait, many efforts have been made to identify genes or quantitative trait loci (QTLs) involved in rice culm development, such as the culm length gene SD1 (Sasaki et al., 2002) , culm thickness gene SCM2 (Ookawa et al., 2010) and culm strength gene BC1 (Li et al., 2003) . Moreover, a new strategy was proposed for developing new plant types or ideal plant architecture, which is mainly defined according to three factors, including thick and sturdy culms (Jiao et al., 2010; Miura et al., 2010) . Although the size of the MC occupies a pivotal position in determining the culm morphology, limited information is available on the molecular features responsible for MC formation.
The Arabidopsis LFY transcription factor has been widely shown to play a key role in reproductive transitions via the regulation of floral organ identity genes (Siriwardana and Lamb, 2012a) . Although LFY and its homologues share two domains with high levels of sequence conservation from mosses to angiosperms, this conserved protein displays diversified roles across species (Moyroud et al., 2009 ), which appears to be caused by substitutions in the C-terminal DNA-binding domain (Maizel et al., 2005) . In rice, the divergent function of the LFY homologue RFL has long been observed in the development of the panicle and flower as well as the leaf, tiller, and heading date (Kyozuka et al., 1998; Chujo et al., 2003; Prasad et al., 2003; Rao et al., 2008; Ikeda-Kawakatsu et al., 2012; Deshpande et al., 2015) . Consistent with these functions, RFL is expressed in the shoot, axillary, and inflorescence meristems (Rao et al., 2008; Ikeda-Kawakatsu et al., 2012) . Interestingly, stable RFL transcripts have also been detected at the basal unelongated nodes and internodes of young plants (Rao et al., 2008) . Although mutations in APO2, an identical allele of RFL, do not have obvious effects on plant height (IkedaKawakatsu et al., 2012) , the up-and downregulation of RFL results in transgenic plants with drastically reduced culm lengths (Rao et al., 2008) , suggesting the involvement of RFL/APO2 in culm development. However, no study so far has focused on the role of RFL/APO2 in this developmental process.
In this paper, we describe the functional analysis of the ssc mutant in rice, and show that dysfunctions of SSC resulted in mutant plants with drastically reduced culm lengths and completely abolished MC formation. Transcriptomic analysis revealed the differential expression of KNOX protein genes and GA metabolic genes in the mutant background, and we provide evidence that SSC affects culm elongation primarily by maintaining GA homeostasis, and functions in MC formation likely through the KNOX pathway. Map-based cloning revealed that SSC is identical to the previously reported RFL/APO2 gene (Kyozuka et al., 1998; Ikeda-Kawakatsu et al., 2012) , thus revealing a pivotal function of the Arabidopsis LFY homologue in rice culm development.
RESULTS

Phenotypic analysis of the ssc mutant
By screening a NaN 3 -mutagenized library in the background of the japonica rice cultivar KY131, we identified a mutant with rigid culm strength. Observations of the cross section of the stem indicated that the MC size of the mutant appeared smaller compared with that of the wildtype (WT; Figure 1c) . Quantification of the culm diameter and culm wall thickness indicated that in the mutant, the culm wall was normally developed (Figure 1f, g ) and the reduced MC size was proportional to the decreased culm diameter (Figure 1d, (Figures 1b and S1b). Observations of the MC size indicated that the MC diameter was decreased in all four internodes of the heterozygous plants, whereas the culm wall thickness and the vascular bundle formation remained similar to that of the WT (Figure 1c, g ). Strikingly, the formation of the MC in the homozygous plants was completely abolished in each of the four internodes, and the culm also appeared irregularly formed compared with that cylindershaped WT culm (Figure 1c , h), which should be responsible for the closely distributed large vascular bundles near the cortical fiber (Figure 1h) . Accordingly, the culm diameter of the homozygous plants was drastically reduced (Figure 1c, d ) to approximately 1169.2 lm for the middle part of internode II compared with 3115.1 lm for that of the WT. Based on the culm phenotype of the homozygous plants, the mutant was then designated as ssc for short and solid culm. The reduced culm length and abolished MC formation in the mutant suggest that SSC plays a crucial function in overall culm development.
Cytological observation of culm development
The shoot apical meristem (SAM) at the stage before panicle differentiation could be divided into ground meristem, node formation meristem and residual meristem, which function in culm differentiation, culm elongation, and culm diameter extension, respectively (Chonan, 1993) . Observations of the longitudinal sections revealed only slight differences in the SAM size between the ssc and the WT (Figure 2a) . However, the diameter of the unelongated culms was reduced in both the heterozygous [ssc(+/À)] and homozygous [ssc(À/À)] mutant plants (Figure 2a ), suggesting decreased residual meristem activity caused by the dysfunction of SSC. The length and number of culm wall cells were decreased in the ssc(À/À) as well as the ssc(+/À) plants ( Figure S2 ), indicating that SSC functions in culm elongation by affecting both cell division and cell elongation. Although the distance between each node in the unelongated culms was reduced in the mutant, the distribution pattern of the basal nodes was similar to that of the WT (Figure 2a) , suggesting that the ground meristem functions normally in the mutant.
Generally, the formation and elongation of the internode starts during the stage at which the rachis-branch primordium of the panicle differentiates. Observations of the internode at the initial elongating stage indicated that cell degradation began at both ends of the internode and proceeded gradually to the central part (Figure 2b) . A close-up view of the central part of the elongating culm ( Figure S3a) showed that the parenchyma cells in the WT culm wall were tightly arranged ( Figure S3d ) but gradually swelled further away from the culm wall ( Figure S3c) , and lysigenous collapsed for cells in the central part of the culm (Figure S3b) , which finally resulted in the formation of the MC. In contrast, all of the parenchyma cells in the internode of the ssc(À/À) mutant showed a universal morphology and arrangement similar to that observed for the culm wall cells in the WT during the elongation stage (Figures 2b and S3d) .
ssc shows eliminated programmed cell death (PCD) process for parenchyma cells during MC formation
Although cell death during MC formation occurs precisely and is predictable during culm elongation, information on this biological process is not available. Therefore, we performed experiments to confirm the developmental stage- dependent PCD for this trait. Scanning electron microscopy (SEM) observations revealed that in the central part of the WT culm undergoing elongation, the plasma membranes of the parenchyma cells were stripped off of the cell wall, the cells were fragmented into smaller parcels, and the cell membranes were also broken in certain cells (Figure 2c ). In contrast, cells in the elongating culm of the mutant remained intact across the whole internode ( Figure 2c ). DNA fragmentation in particular has been used as a critical hallmark of PCD. We then performed a TUNEL assay, which labels 3-OH DNA ends and thus allows for the in situ detection of DNA fragmentation in the cells of the elongating culm. In the WT, intense TUNEL staining was easily detected in the nuclei of the parenchyma cells in the elongating culm, although it was rarely observed for the cells in the ssc mutant (Figure 2d ).
In addition to DNA fragmentation, chromatin condensation is regarded as another symptom of PCD. As shown in Figure 2 (e), condensed chromatin with a peripheral distribution was observed in the nucleus of the parenchyma cells of the WT elongating culm, and the nucleoli in certain cells were ruptured and crescent shaped. In contrast, the chromatin was dispersed evenly over the entire nucleus of the ssc mutant, and the nucleoli remained integrated compared with those of the WT.
Map-based cloning of the SSC gene MC formation is an important biological process that has received little attention thus far in rice, and this process was abolished in the ssc mutant. To understand the molecular function of SSC, we cloned the causal gene by traditional map-based cloning. As described above, the population derived from the heterozygous plants segregated to a ratio of 1:2:1, indicating that the mutant phenotype was caused by a semi-dominant mutation of a single gene. Using 20 bulked WT and homozygous mutant plants, the candidate was directly mapped to the long arm of chromosome 4 between markers RM1703 and RM5473 (Figure S4a) . Further analysis of 605 F 2 mutant plants was performed to fine map the causal gene to a 20-kb region between InDel markers M1 and M2 ( Figure S4a ). Two predicted ORFs are located within this region (http://www.d na.affrc.go.jp/database/), including the RFL/APO2 gene (Kyozuka et al., 1998; Ikeda-Kawakatsu et al., 2012) . A sequence analysis revealed a single nucleotide substitution (G to A) in the first exon of RFL/APO2 in the ssc mutant, which caused an amino acid change from Asp to Asn (Figure S4a) . Interestingly, the mutation enhanced the transcription of SSC by approximately three-fold in the ssc mutant compared with the WT (Figure S4c ), which may represent a self-compensation effect for the mutation.
To confirm that the SSC gene is identical to RFL/APO2, a 4.5-kb genomic DNA fragment containing a 2-kb promoter and the entire ORF was introduced into ssc(À/À) mutant calluses, which were genotyped with the developed CAPS marker (Table S1 ). All 45 transgenic T 0 plants (ssc-C) exhibited a ssc(+/À) phenotype, including the plant height and the MC diameter ( Figure S4b ), and the T 1 generation segregated into three types with morphologies similar to that of the WT, ssc(+/À) and ssc(À/À), respectively, thereby demonstrating that SSC is RFL/APO2.
In addition to the malformed culm morphology, the mutation in SSC also exhibited effects on other developmental traits, including altered floral organ identity (Figure S5a) , narrow and shortened leaves ( Figure S5b ), reduced panicle size ( Figure S5c ), shortened plastochron ( Figure S5d ), and increased tiller number per plant (Figure S5e) . These observations were consistent with previous findings in apo2 mutants and/or RFL transgenic lines (Rao et al., 2008; Ikeda-Kawakatsu et al., 2012) and further illustrate the identical nature between SSC and RFL/APO2.
SSC is required for the culm thickness gene SCM2
To further confirm the function of SSC on culm development, we crossed ssc(+/À) plants with NIL-SCM2, the gain of function APO1 allele for culm thickness (Ookawa et al., 2010) . Because the function of APO1 has been shown to be a dependency on RFL/APO2 (Ikeda-Kawakatsu et al., 2012), we speculated that the effect of APO1/SCM2 on culm thickness would be eliminated under the ssc mutant background. As expected, the SCM2/ssc double mutant showed phenotypes that completely resembled those of the ssc single mutant ( Figure S6 ), further reflecting the pivotal role of SSC/RFL/APO2 in rice culm development.
SSC shows high expression in the vasculatures of the elongating culm wall
The spatial expression pattern of RFL/APO2 has been previously reported by different groups with varying results (Kyozuka et al., 1998; Rao et al., 2008; Ikeda-Kawakatsu et al., 2012) . To ascertain the role of SSC/RFL/APO2 in culm development, we first re-examined the expression of the gene in different tissues by quantitative RT-PCR. The highest SSC transcript level was observed in young inflorescences ( Figure S7a ), which is consistent with the conserved function of the gene in determining floral organ identity (Ikeda-Kawakatsu et al., 2012; Figure S5a ). Although SSC transcripts were hardly detected in mature culms, the gene showed high expression in the young culms of 30-day-old plants ( Figure S7a ), which was also observed in previous reports (Rao et al., 2008) . Further analysis of the plants at different stages by in situ hybridization revealed that SSC transcripts were detected in the shoot meristem and leaf primordia during vegetative development and the gene expression was upregulated in primary and second branches in the initial culm elongating stage ( Figure S7b) . Consistent with the previous findings (Rao et al., 2008) , intense signals were detected for SSC in the vascular strands of the primary branches ( Figure S7b) . Moreover, strong expression of the gene was found in the vasculature of the emerging culm wall ( Figure S7b ). However, compared with the results by Rao et al. (2008) , who detected robust expression of the gene at the basal unelongated nodes and internodes of young plants, we only observed weak signals at the basal nodes and hardly detected the transcripts at the internodes of both unelongated and elongating culms ( Figure S7b ), which may be due to the differential sensitivity of the detection methods.
Enhanced transcription of SSC reduces culm length and MC size SSC/RFL has been shown to be a critical determinant for the heading date, and the dwarf phenotype of plants overexpressing SSC/RFL was considered to be a compromised vegetative growth caused by precocious flowering (Rao et al., 2008) . To further ensure the function of the gene in culm development, we produced transgenic plants that overexpress SSC (SSC-OE). Among 78 independent plants, we selected five plants that showed an approximately 3-fold increase in SSC transcripts (Figure 3c ). The SSC-OE plants did not show dramatically altered heading dates ( Figure 3a) and flowered approximately 2 days earlier than the WT. However, the plant height of the SSC-OE transgenic lines was significantly reduced, with approximately 62 cm compared with 71 cm of that of the WT (Figure 3a,  d ). The decreased plant height of the SSC-OE plants was related to the reduced culm length because the panicle length in these plants remained similar to that in the WT (Figure 3e) . Moreover, the culm diameter was also obviously decreased in the transgenic plants (Figure 3b, f) , which was mainly related to the reduction in MC size but not culm wall thickness (Figure 3g, h ). These observations suggest that compared with the heading date, culm development is tightly controlled by the endogenous SSC level.
Mutant ssc protein shows dramatically reduced transactivation activity
The Arabidopsis LFY is a known master transcription factor that regulates gene expression by recognizing pseudopalindromic sequence elements (CCANTGT/G) in the promoter of its target gene (Siriwardana and Lamb, 2012a) . Therefore, we investigated whether this consensus binding motif is conserved for the rice homologue of LFY via a yeast one-hybrid assay. The results showed that SSC could bind well to the CCAATGG element ( Figure S8a ), and this observation was further confirmed by an electrophoretic mobility shift assay (EMSA) using the probe designed from the promoter of the CYP714D1/EUI gene (downregulated in the ssc mutant, see below; Figure S8b ). These observations indicate that LFY/SSC share a conserved mechanism in the transcriptional regulation of downstream targets. Simultaneous detection of the mutant ssc protein revealed a similar association with the consensus sequence ( Figure S8a ), which suggested that the structure of ssc was not affected by the mutation.
Previous research has shown that homodimerization mediated by the conserved N-terminal domain is important for LFY functions (Siriwardana and Lamb, 2012b) . To determine whether the mutant ssc protein has any defects in this process, we conducted yeast two-hybrid (Y2H) assays. Similar to LFY in Arabidopsis, full-length SSC interacted well with itself ( Figure 4a) . Furthermore, combinations of SSC-ssc, ssc-SSC and ssc-ssc all showed strong interactions (Figure 4a ), which were further confirmed by bimolecular fluorescence complementation (BiFC) assays ( Figure S9 ).
Because the mutant ssc protein still formed homodimers and retained the ability to bind the conserved motif, the substituted amino acid in ssc likely impaired the protein's ability to activate the transcription of downstream genes. Consistent with this speculation, a yeast one-hybrid assay revealed dramatically decreased self-transactivation activity for the mutant ssc protein (Figure 4a ). To further confirm this observation, we performed a dual-luciferase reporter assay in rice protoplasts. Compared with the mock control, the WT SSC protein significantly induced the expression of the luciferase reporter gene, whereas the mutant ssc protein only showed a slight increase in transcription activation activity (Figure 4b ).
GA metabolic genes and KNOX protein genes are differentially expressed in the ssc mutant to identify genes that are differentially expressed in the ssc and WT plants. Using the Rice Gene Expression 4 9 44 K Microarray (Agilent Technology; Guo et al., 2014) , we compared the gene expression profiles in 30-day-old culms of ssc(À/À), ssc(+/À) and WT plants under normal growth conditions. In total, 1033 transcripts were detected with gradient variances in their expression levels (three-fold cutoff). Of these transcripts, 671 genes with predictable protein domains were categorized for their diversified functions, and the enhanced expression of SSC was identified in the mutant background (Table S2 and Figure S4c ). Similar to a previous report (Rao et al., 2008) , we found that 201 of the 671 transcripts appeared to be involved in the metabolism pathway. Additionally, three genes homologous to Arabidopsis CONSTANS, OsMADS2 and PLAS-TOCHRON 3 were differentially expressed in the mutant background, which may be related to the function of SSC on heading date, floral identity, and plastochron ( Figure S5 ; Rao et al., 2008; Ikeda-Kawakatsu et al., 2012) .
Importantly, of 12 KNOX protein genes (http://plants.e nsembl.org/Oryza_sativa/Info/Index) that are essential for the formation and/or maintenance of the shoot apical meristem (Tsuda et al., 2014) , five appear to be uniformly downregulated in the ssc background (Table S2) . Furthermore, multiple genes related to GA, auxin, cytokinin, ethylene, abscisic acid and brassinosteroid were differentially expressed between the ssc and WT (Table S2 ). In addition, genes for 12 members of the cytochrome P450 family, which may contribute to the synthesis or catabolism of phytohormones, also showed differential expression in the ssc mutant (Table S2) . Notably, four genes involved in GA biosynthesis displayed uniform downregulation in the mutant background, whereas the two genes encoding GAdeactivating enzymes showed upregulation compared with that of the WT (Table S2) , and these results were also validated by quantitative RT-PCR (qRT-PCR; Figure 5a ). Moreover, a survey of the genomic sequence revealed that five of the six genes contained the consensus SSC/LFY-binding elements in the 2-kb promoter region (Figure 5b ). Although the remaining KO2 gene has only one consensus CCAGTGT motif at a distance of approximately 2300-bp upstream of the translation start codon, this gene also has two CCAGTGT and ACAGTGG cis-elements in the introns (http://www.dna.affrc.go.jp/PLACE/). Considering the function of GA in culm elongation (Davi ere and Achard, 2013) and the binding ability of SSC to the conserved LFY-interacting sequences contained in the GA metabolic genes (Figures 5b and S8b), these observations suggest that SSC may affect culm development via the GA pathway.
Mutation of EUI promotes culm elongation under the ssc mutant background
To uncover the genetic relationship between SSC and GA in culm development, we performed a double mutant analysis by crossing the ssc(+/À) plants with eui, a mutant that presents a missense mutation of G506D identified from the same genetic background of KY131 ( Figure 6a ) and a contrasting phenotype to the ssc(À/À) mutant in the length of internode I (Zhu et al., 2006; Figures 6d and S1b) . Phenotypic analysis of the F 2 population found that introducing of eui resulted in plants with significantly increased plant height under both the ssc(+/À) and ssc(À/À) backgrounds (Figure 6a, b) , which was mainly because of the increased length of internode I and II (Figure 6d, e) . And, the promoting effect of eui was also observed for the length of the panicle and leaf ( Figure S10 ).
Further observation of the cross-sections indicated that the effect of eui on culm development under the ssc background was limited to the longitudinal direction, and the formation of MC remained abolished in the ssc(À/À)/eui plants (Figure 6b) . Similarly, the ssc(+/À)/eui plants showed reduced MC size, which was nearly identical to that of the ssc(+/À) plants (Figure 6b ). In addition, other agronomic traits, including the leaf width and panicle architecture, remained equivalent between the ssc(+/À)/eui and ssc(+/À) plants and the ssc(À/À)/eui and ssc(À/À) plants, respectively ( Figure S10a, b) . These results suggest that SSC affects culm elongation mainly via the GA pathway and functions in MC formation through other route(s), which are consistent with the role of SSC as a master regulator in the control of the transcription of plenty of downstream genes for complicated biological processes (Table S2) .
Transcription of SSC is feedback-regulated by GA metabolic genes
In Arabidopsis, dynamic interactions between GA and LFY have been shown to be important in determining the biphasic transition to reproductive competence and the modulation of inflorescence architecture (Yamaguchi et al., 2014) . Our above results showed that SSC appears to be a positive regulator for GA biosynthesis genes and a negative regulator for GA catabolism genes. Therefore, we further investigated whether endogenous GA has effects on SSC transcription by using the 30-day-old elongating culms of several GA metabolic mutants. We found that under the background of eui, which is a GA-accumulated mutant, expression of SSC was drastically suppressed, whereas under the background of the two GA-deficient mutants d18 and d35 (Tong et al., 2014) , the expression of the gene was greatly enhanced (Figure 5c, d) . Consistently, expression of SSC was moderately suppressed after 1 h of exogenous GA 3 treatment, but recovered to the level of the untreated control after 2 h of treatment ( Figure S11 ). These results suggest that SSC expression is controlled via feedback from endogenous GA levels to maintain suitable culm elongation.
DISCUSSION
Distinct functions of the rice LFY homologue have been observed for several traits, including heading date, tillering and inflorescence (Kyozuka et al., 1998; Rao et al., 2008; Ikeda-Kawakatsu et al., 2012) . Using forward and reverse genetic approaches, we showed that SSC/RFL/APO2 plays a key role in both culm elongation and MC formation (Figure 1) , which are two major factors that determine culm morphology and thus plant architecture and lodging resistance. Although SSC/RFL is an important heading date Relative expression level regulator (Rao et al., 2008) , the culm developmental process is much more tightly controlled by the gene (Figure 5 ).
SSC functions in culm elongation by maintaining GA homeostasis
As a growth regulator, GA functions in various developmental processes in rice, and its most prominent role is in culm elongation which is known as 'green revolution' (Davi ere and Achard, 2013). In Arabidopsis, Yamaguchi et al. (2014) reported that the increased LFY activity promoted by GA could conversely induce the expression of the GA catabolism gene ELA1, which then causes reduced GA levels and subsequent floral initiation, implying the intricate relationship between LFY and GA. In this study, we provided several lines of evidence that the dynamic interactions between SSC and GA also affect rice culm development. First, GA metabolic genes were differentially expressed under the ssc background (Table S2 and Figure 5a) . Second, five of the six GA metabolic genes contain conserved LFY-binding sites in the promoters (Figure 5b ), which could be effectively recognized by SSC ( Figure S8 ). Third, culm elongation of the ssc mutant could be partially rescued by the eui mutation ( Figure 6 ). Fourth, SSC is strongly expressed in the vascular bundles of the elongating culm wall ( Figure S7 ), the specific regions predominantly expressed by GA metabolic genes including EUI, GA20ox2 and GA3ox2 (Kaneko et al., 2003; Zhang et al., 2008) . Fifth, the expression of SSC was suppressed in GAaccumulating mutants and enhanced in GA-deficient mutants (Figure 5d ). Based on these observations, we propose that SSC plays an important role in maintaining GA (e) Quantitative analysis of the internode length for the plants shown in (a). Significance testing was conducted between ssc(+/À) and ssc(+/À)/eui, and ssc(À/À) and ssc(À/À)/eui, respectively (n = 10). **P < 0.01. homeostasis in rice. SSC works upstream of the GA metabolic pathway by positively regulating GA biosynthesis genes and negatively regulating GA catabolism genes, thereby causing increased GA levels followed by culm elongation. When the endogenous GA content exceeds a certain physiological level optimal for development, the expression of SSC is then suppressed, which leads to the activation of GA catabolism genes, the deactivation of GA biosynthesis genes, and the subsequent reduction of GA levels and release of repressed SSC transcription. Because of the mutated nature of the eui mutant, the incomplete rescue of culm elongation of ssc by eui might simply be due to the suboptimal GA levels in the double plants. Alternatively, other factors, such as auxin and cytokinin (Table S2) , may also be involved in SSC-mediated cell division and/or cell elongation during culm development.
SSC functions in MC formation by regulating residual meristem activity
In addition to culm elongation, GA has also been shown to be involved in developmental PCD (Steffens and Sauter, 2005; Aya et al., 2009; Sarwat et al., 2013; Wu et al., 2014) . However, the PCD process was not observed for the parenchyma cells in the ssc(À/À)/eui plants (Figure 2) , and rescue of culm development by eui was only limited to elongation ( Figure 6 ). Although a large number of genes with potential functions in developmental PCD processes, such as phytohormones, transcription factors, signaling molecules, ROS accumulators/scavengers, proteases and nucleases, show differential expression in the mutant background (Table S2 ; Daneva et al., 2016) , the unprocessed PCD of parenchyma cells is unlikely to be the cause of the abolished MC formation in the ssc mutant. This speculation is supported by the fact that ssc(+/À) as well as SSC-OE plants show decreased culm diameters because of their reduced MC size but not culm wall thicknesses (Figures 1  and 3 ). The well-processed PCD of parenchyma cells during MC formation suggests that the reduced MC size in the ssc(+/À) and SSC-OE plants is caused by insufficient numbers of parenchyma cells caused by defective residual meristem function (Chonan, 1993) , which is suggested by decreased diameter of the unelongated culm (Figure 2a) . Furthermore, our results also showed that the culm diameter of ssc(À/À) plants is approximately twice the culm wall thickness of the WT plant (1169.2 lm to 554.7 lm of internode II; Figure 1d , f). If the abolished MC formation in the ssc(À/À) plant was mainly caused by unprocessed PCD, then the culm diameter of the homozygous mutant plant should be larger because of the presence of a greater number of undegradated parenchyma cells. Therefore, in addition to its role in floral meristem and axillary meristem (Ikeda-Kawakatsu et al., 2012; Deshpande et al., 2015) , SSC may also function in maintaining the activity of the residual meristem during culm development (Chonan, 1993) . In fact, five out of the 12 KNOX protein genes, which are known to be involved in meristem maintenance (Tsuda et al., 2014) , showed uniform downregulation in the ssc mutant in a dosage-dependent manner (Table S2) , and four of the five downregulated genes contained the wellconserved LFY/SSC binding elements in their promoters (http://www.dna.affrc.go.jp/PLACE/). Therefore, SSC likely affects residual meristem activity via the KNOX-mediated pathway, although we could not exclude the possibility that phytohormones may also be involved in this biological process (Dodsworth, 2009 ). The downregulated expression of the KNOX protein genes would result in a partial or complete loss of the residual meristem activity, which would lead to the reduction of parenchyma cells during culm diameter extension and thus a reduced MC size in the ssc(+/À) plants and a solid culm in the ssc(À/À) plants. The speculation that the KNOX genes as SSC targets, however, requires more experimental data.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
The ssc mutant was isolated from an M 2 population of the japonica cultivar KY131 mutagenized with sodium azide. An F 2 mapping population was generated by crossing ssc(+/À) with the indica cultivar Kasalath. The rice plants used in this study were cultivated in the experimental fields at the Institute of Genetics and Developmental Biology in Beijing or Sanya (Hainan Province) during the natural growing season.
To create NIL-SCM2 under the background of KY131, the donor parent Habataki (Ookawa et al., 2010) was crossed with KY131. The resulting F 1 plant was backcrossed successively with KY131, and the backcrossed generations were genotyped with 162 SSR markers evenly distributed across the genome. The NIL-SCM2 plant with the highest recovery rate of 98.73% was selected from the BC 5 F 2 population using SCM2-specific primers (Table S1 ) and crossed with the ssc(+/À) plants. The resulting F 2 population was genotyped with gene-specific primers (Table S1 ) to select the ssc/ SCM2 double mutant.
The eui mutant was identified from the same M 2 population as described above. To confirm whether this mutant is allelic to that previously reported (Zhu et al., 2006) , a linkage analysis was first performed with two SSR markers flanking the EUI locus (Table S1 ) using the F 2 population of KY131 and the japonica variety KD8. The genomic sequence of the EUI gene was then sequenced, and one missense mutation of G1517A (G506D) was found in the mutant. The ssc(+/À) plants were then crossed with the eui mutant, and the ssc/eui double mutant was obtained by genotyping the resulting F 2 population with the gene-specific primers listed in Table S1 .
For the GA treatment experiments, 15-day-old seedlings grown under natural conditions were treated with 10 lM GA 3 , and the basal parts were collected at different time points for the expression analysis. Japan). The culm diameter, culm wall thickness and cell length were measured using Olympus stream software.
For the paraffin sectioning, samples were fixed overnight at 4°C in FAA solution (formalin:glacial acetic acid:70% ethanol; 1:1:18) and dehydrated in a graded ethanol series. After substitution with xylene, the samples were embedded in Paraplast Plus chips (Sigma) and cut into 8-lm thick sections using a rotary microtome (RM2235, LEICA, Heidelberg, Germany). Sections were then stained with 0.5% toluidine blue and observed under a light microscope (BX53, Olympus).
For the scanning microscopic analysis, 30-day-old elongating internodes of the ssc and WT plants were cut and fixed in 4% paraformaldehyde (Sigma-Aldrich). After dehydration with a gradient of ethanol and substitution with 3-methyl-butylacetate, the samples were critical-point dried, sprayed with gold particles and observed with a scanning electron microscope (S-3000N, Hitachi). For the TEM analysis, the internode II of the ssc and WT plants undergoing elongation were cut and prepared as previously described (Xiong et al., 2010) and observed with a transmission electron microscopic (JEM-1400, JEOL, Tokyo, Japan).
TUNEL assay
Longitudinal sections of 30-day-old elongating culms of the ssc and WT plants were prepared as described for the light microscopy analysis and subjected to a TUNEL [terminal deoxynucleotidyltransferase (TdT)-mediated dUTP nick-end labeling] assay using a DeadEnd Colorimetric TUNEL System (Promega) according to the manufacturer's instructions.
RNA in situ hybridization
The shoot apexes of 25-and 30-day-old seedlings were fixed with 4% (w/v) paraformaldehyde at 4°C overnight, which was followed by a series of dehydration and paraffin sectioning. A 170-bp SSCspecific sequence was cloned into the pEASY-Blunt vector (TransGen, http://www.transgen.com.cn/) and then transcribed to generate digoxigenin-labeled RNA probes using a DIG RNA labeling kit (Roche). RNA in situ hybridization was performed as previously described (Ikeda-Kawakatsu et al., 2012) . The primers used in the assay are listed in Table S1 .
Vector construction and plant transformation
For the complementation testing, a 4.5-kb genomic fragment containing the entire SSC coding region and its 1.5-kb native promoter was cloned into the pZH2B vector. For the overexpression construct, the full-length coding sequence of SSC was cloned into the pZH2Bi vector under the control of the ubiquitin promoter. For the promoter-GUS assay, a 1.5-kb genomic fragment upstream of the SSC translation start codon was inserted into the upstream of the GUS gene. After confirming the sequence, all of the resulting constructs were transformed into KY131 using Agrobacterium tumefaciens-mediated transformation methods. The primers used for vector construction are listed in Table S1 .
Transcriptomic analysis and qRT-PCR
The 30-day-old culms of the ssc(À/À), ssc(+/À) and WT plants undergoing elongation were collected, and total RNA was extracted for the microarray analysis. The transcriptomic profiles were performed as previously described (Guo et al., 2014) .
For the qRT-PCR, total RNA was isolated using the RNAios Plus reagent (TaKaRa). After digestion with RNase-free DNase (Promega), 2 lg of RNA was reverse transcribed using an oligo (dT) primer and AMV reverse transcriptase (Promega, http://promega.bioon.com.cn/). The qRT-PCR assay was performed using SYBR Green I Master reagent and a LightCycler Nano system (Roche, http://www.roche.com.cn/). The ACTIN1 gene was used as an internal control. Primers used for the gene expression analysis are listed in Table S1 .
Protein interactions
For the Y2H assays, full-length coding sequences of ssc and SSC were amplified and fused with GAL4 BD or GAL4 AD in the pGBKT7 or pGADT7 vector (Clontech, http://www.clontech.com/), respectively. Interactions in the Y2H Gold yeast were tested on SD/-Trp/-Leu/-His/-Ade medium according to the manufacturer's instruction.
For the BiFC analysis, the full-length coding sequences of ssc and SSC were cloned into pUC-SPYNE and pUC-SPYCE vectors and then fused with either N-or C-terminal enhanced yellow fluorescent protein (EYFP) fragments, respectively, driven by the CAMV35S promoter. The resulting constructs were then introduced into rice protoplasts by the PEG (polyethylene glycol)/ CaCl 2 -mediated transformation method. After incubation in the dark for 16 h, the yellow fluorescent protein (YFP) signals were examined and photographed under a fluorescent microscope (BX51, Olympus).
Transactivation assay
For the transcriptional activation assays, the coding sequences of ssc and SSC were fused to the GAL4 BD domain in the pRT-BD vector. The vector pTRL was used as an internal control, and the 35S-LUC was used as the reporter vector. After co-transformation into the rice protoplast and incubation in dark conditions for 16 h, the relative luciferase activity was detected with the Promega dual-luciferase reporter assay system and the GloMax 20-20 luminometer.
DNA-binding assay
For the yeast one-hybrid assays, reporter vectors were constructed by inserting five tandemly repeated LFY-binding sequences (CCAATGG) upstream of the lacZ reporter gene in the pLacZi vector (Clontech), and effector vectors were constructed by fusing the full-length coding sequences of ssc and SSC with GAL4 AD in the pGAD424 vector. After transforming into yeast strain YM4271 and selection on the SD/-Leu medium, the transformants were analyzed by a colony-lift filter assay according to the yeast protocol handbook (Clontech).
For the EMSA assay, the coding sequence of SSC was amplified and fused in-frame into the pET-32a(+) (Novagen) vector. The resulting construct was then transformed into the E. coli strain Rosetta (DE3) to determine the expression of the recombinant protein. After purification with Ni-NTA His•Bind Resins (Novagen, http://www.novagen.it/), the recombinant protein was then incubated with a biotin-labeled EUI fragment according to the manufacturer's instructions of the Chemiluminescent EMSA Kit (Beyotime, http://www.beyotime.com/). The DNA signals were detected by chemiluminescence (Thermo) and photographed with a blot scanner (LI-COR). For the competition assays, unlabeled EUI or EUImu (AAAAAAA instead of CCAGTGT; Table S1 ) oligonucleotides (10-fold and 50-fold of the labeled probes) were added to the EMSA reactions.
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